Transforming growth factor-␤s (TGF-␤s) are multifunctional, contextually acting cytokines and important regulators of development, cell proliferation, and differentiation (Roberts and Sporn, 1990) . The TGF-␤ superfamily can be subdivided into several subfamilies, including the bone morphogenetic proteins (BMPs), activins, and glial cell line-derived neurotrophic factor (GDNF)-related proteins (Kingsley, 1994; Hogan, 1996; Unsicker et al., 1999) . Several representatives of these subfamilies are expressed in the central and peripheral nervous systems (Krieglstein et al., 1995a; Mehler and Kessler, 1998) . Their functions in neural development and maintenance are only gradually emerging. Several members of the TGF-␤s have been implicated in early morphogenesis of the nervous system, dorsoventral patterning, and determination of neural crest cell lineages (Hogan, 1996; Reissmann et al., 1996; Shah et al., 1996) . Moreover, TGF-␤s are involved in regulating proliferation of neural progenitor cells (McKinnon et al., 1993; Constam et al., 1994) . TGF-␤s have also important roles in the regulation of survival, differentiation, and axonal growth of neurons (Martinou et al., 1990; Ishihara et al., 1994; Krieglstein et al., 1998a; Schober et al., 1999) and orchestrate activities of microglial cells and astrocytes in response to lesions (Finch et al., 1993; Flanders et al., 1998) . The neurotrophic potential of TGF-␤s is best exemplified by the discovery of GDNF (Lin et al., 1993; Sauer et al., 1995; Gash et al., 1996; Unsicker et al., 1999) , which supports survival and differentiation in vitro and in vivo of dopaminergic (DAergic) neurons of the midbrain that degenerate in Parkinson's disease.
We have recently cloned a distant member of the TGF-␤ superfamily, GDF-15 (Böttner et al., 1998 (Böttner et al., , 1999 . GDF-15 is identical to macrophage inhibitory cytokine (Bootcov et al., 1997) , hence, we suggest to name the molecule GDF-15/MIC-1. In peripheral organs GDF-15/MIC-1 is expressed by epithelial cells in prostate, salivary, and mammary glands, placenta, airway and intestinal epithelia, and kidney proximal tubules and collecting ducts (Bött-ner et al., 1999) . Its functions in these locations are enigmatic. In macrophages, MIC-1 is induced by proinflammatory cytokines such as tumor necrosis factor-␣, interleukin (IL)-1␤, and IL-6, but not by interferon-␥ and lipopolysaccharide (Bootcov et al., 1997) . Functionally, MIC-1 may serve in monocytoid cells as an autocrine regulatory molecule, whose expression may be required to limit later phases of macrophage activation.
We show now that GDF-15/MIC-1 is widely expressed in the CNS and peripheral nervous system (PNS), most prominently in the choroid plexus, and is secreted into the CSF. We have expressed the biologically active molecule in baculovirus and demonstrate here that it is a potent trophic and protective factor for dopaminergic neurons from the embryonic rat midbrain floor and for embryonic raphe serotonergic neurons. Most importantly, GDF-15/ MIC-1 normalizes motor behavior and protects dopaminergic neurons in the substantia nigra after unilateral 6-hydroxydopamine lesions, for at least 1 month.
MATERIALS AND METHODS
E xpression of recombinant human GDF-15/MIC-1. Full-length GDF-15/ M IC -1 cDNA was cloned and sequenced as previously described (Böttner et al., 1998) . A PCR product of the mature human GDF-15/ M IC -1 DNA containing SacII /SphI restriction sites was obtained with two specific oligonucleotides (forward primer 5Ј-ATCCGCGGGCAGAGCGCGTG-CGCGCAAC -3Ј and reverse primer 5Ј-ATCGTACGTCATATGCAGT-GGCAG-3Ј, internal SacII and SphI sites are underlined). The DNA fragment was subcloned into the SacII and SphI site of the pBAC gus-2cp transfer plasmid (Novagen, Munich, Germany) . To confirm the insert in the proper reading frame, we subsequently performed sequence analysis of the plasmid. Insect Sf9 cells were cotransfected with the recombinant transfer plasmid and the high-efficiency BacVector-2000 Triple Cut Virus DNA according to the manufacturer's instructions (Novagen, Munich, Germany) . Together with the GDF-15/ M IC -1 DNA a gus gene was inserted into the baculovirus genome, and recombinants producing ␤-glucuronidase in infected cells were identified by staining with X-Gluc. Positive recombinant virus plaques were picked and purified by repeated replaquing. A well isolated and purified plaque was used to generate a high titer master stock of virus (3 ϫ 10 9 pf u /ml), which was then used to prepare infected cells for protein and DNA analyses. Large scale protein production was performed in 10 -20 75 cm 2 T-flasks each with 10 ml of medium containing 10 6 cells/ml. Sixty hour after infection cells were collected, centrif uged for 5 min at 500 ϫ g, and the pellet was homogenized in lysis buffer (1 ml /1 ϫ 10 8 cells) containing 10 mM Tris/ HC l, pH 7.5, 150 mM NaC l, 0.1 U/ml aprotinin, and 1 mM PMSF. After centrif ugation for 10 min at 15,000 ϫ g, the extracted protein was dialyzed against 1ϫ binding buffer (in mM: 5 imidazole, 500 NaC l, and 20 Tris/ HC l, pH 7.9). The His-Tag f usion protein was purified from protein extract using His-Bind metal chelation resin according to the protocol of Novagen (Munich, Germany). Protein extracts of uninfected cells were treated under the same conditions and used in parallel for controls.
In situ hybridization and RT-PCR . The procedure for in situ hybridization has been previously published (Böttner et al., 1999) . RT-PCR was used to determine the expression pattern of GDF-15/ M IC -1 in various brain regions and cell cultures of newborn (P0) Sprague Dawley rats. Protocols for dissection, cell culture, total RNA isolation, and first strand cDNA synthesis have been described elsewhere (Jaszai et al., 1998) . After reverse transcription, 3.5 l of the cDNA samples were subjected to PCR amplification using primers specific for rat GDF-15/ M IC -1 (5Ј-TGC T-GAGCCGAC TGCATGC -Ј3 and 5Ј-CATGC TCAGTTGCAGC TGAC -Ј3). These primers amplif y a PCR product of 520 bp. Reactions were performed in a Perkin-Elmer GeneAmp PCR system 9600 thermal cycler in 0.2 ml of thin-walled reaction tubes using "hot-start" method. Reagents were assembled in a final volume of 100 l, and final concentrations of reagents were as follows: 3.5 l of first strand cDNA, 1 M forward primer, 1 M reverse primer, 1ϫ PCR buffer (10ϫ PCR buffer: 200 mM Tris-HCl, pH 8.4, 500 mM KCl; Life Technologies, Gaithersburg, MD), 2.5 mM MgCl 2 , 0.1 mM each of dNTPs and RNase-free water to 100 l. Samples were initially denatured at 94°C for 4 min and 2.5 U of Taq DNA polymerase, recombinant (Life Technologies) was then added. Thermocycling parameters were then 30 sec denaturation at 94°C, 30 sec annealing at 62°C, and 30 sec extension at 72°C repeated for 35 cycles with a final extension step at 72°C for 5 min. One-tenth of each PCR reaction was then analyzed by agarose gel electrophoresis. After subcloning the reaction product into pGEM-T (Promega, Mannheim, Germany) PCR cloning vector, the identity of the amplified product was then further verified by sequencing.
Gel electrophoresis and immunoblot anal ysis. Protein extracts were prepared from different brain regions and cell cultures of newborn (P0) Sprague Dawley rats. Protocols for dissection and cell cultures have been described elsewhere (Jaszai et al., 1998) . Tissue or cells were homogenized in electrophoresis sample buffer, and the protein content was determined using a densitometric method (Henkel and Bieger, 1994) . Equal amounts of 25 g of protein extract per lane were loaded on SDS-polyacrylamide gels and transferred to nitrocellulose membranes (Hybond ECL; Amersham Pharmacia, Göttingen, Germany) by electroblotting. The membranes were incubated with purified polyclonal rabbit anti-rat GDF-15/ M IC -1 antibody for 16 hr at 4°C. Bound antibody was detected with a peroxidaseconjugated secondary antibody and the ECL Western blotting substrate system (Amersham Pharmacia, Göttingen, Germany) in accordance to the manufacturer's manual. Purified recombinant GDF-15/ M IC -1 samples were visualized with Coomassie blue and quantitated by densitometric comparison (Henkel and Bieger, 1994) with defined concentrations of protein standards. Recombinant GDF-15/ M IC -1 was analyzed by reducing and nonreducing SDS-PAGE according to standard protocols (Scopes, 1987) and subjected to immunoblotting. Human C SF was kindly provided by Dr. Grau (Neurology, Heidelberg University).
Antibodies and immunoc ytochemistr y. An antibody raised against a specific peptide sequence (HRTDSGVSL QTYDDL) of the C terminus of the GDF-15/ M IC -1 protein was raised in rabbit by Dr. J. Pineda (Forschungszentrum Berlin Biotechnik, GmbH, Berlin, Germany). The antibody was separated from antiserum with tosylactivated peptide-coated dynabeads M-280 (Dynal, Hamburg, Germany) according to the manufacturer's manual. In brief, 1 ml of bead suspension (1.3 ϫ 10 9 beads/ml) was incubated with 400 g of peptide in 100 mM PBS, pH 7.4, for 16 hr at 37°C. After inactivation of free tosyl groups with 0.2 M Tris-HC l, pH 8.5, for 4 hr at 37°C the peptide-coupled beads were incubated with 0.5 ml of antiserum in 1 ml of PBS for 30 min at room temperature. After intensive washing and immunomagnetic separation in a magnet particle concentrator (Dynal), bound antibody was eluted from the peptide-coupled beads with 0.3 ml of elution buffer containing 0.2 M glycine -HC l, pH 2.7, and 0.15 M NaC l for 1 min at room temperature. The solution with unbound antibody was caref ully aspirated with an Eppendorf pipette and neutralized immediately with 0.1 ml of 0.4 M Na 2 HPO 4 containing 0.8% Na-azide and 4 mg /ml BSA. The antibody was stored in a final volume of 0.4 ml at 4°C and used in a 1:250 dilution for Western blots. Mesencephalic cell cultures were processed for rat tyrosine hydroxylase (TH; Boehringer Mannheim, Mannheim, Germany), glial fibrillary acidic protein (GFAP; Sigma, St. L ouis, MO) or BrdU (Boehringer Mannheim) immunocytochemistry as described earlier (Krieglstein et al., 1995b) . Serotonergic cultures were processed for rat tryptophan hydroxylase (TpOH; Sigma) immunocytochemistry. The method was as described (Galter and Unsicker, 1999) .
Cell culture. C ell cultures from embryonic day 14 (E14) rat midbrain floor were essentially established as described (Krieglstein et al., 1995b) . C ells were seeded at a density of 200,000 per cm 2 , cultured under serumfree conditions, and processed for immunocytochemistry on day 7 in vitro (DIV 7). Iron intoxication was performed with FeC l 2 (Fluka, Deisenhofen, Germany) as described (Lingor et al., 1999) . Primary raphe cultures from the E14 rat rhombencephalon floor were prepared as described (Galter and Unsicker, 1999) . C ells were seeded at a density of 200,000 per cm 2 , cultured under serum-free conditions and processed for 5,7-dihydroxtryptamine (5,7-DHT) uptake and TpOH immunocytochemistry on DIV 4. Embryonic rat motoneurons (E14) were prepared as described (Goudin et al., 1996; Krieglstein et al., 1998a) , using a two-step purification method [metrizamide gradient followed by a panning procedure using the monoclonal antibody MC -192 that recognizes the low-affinity nerve growth factor (NGF) receptor]. Embryonic chick (E8) dorsal root ganglia (DRG) neurons were isolated and grown as described (Krieglstein et al., 1998a) . T ype 2 astrocytes, O-2A progenitor cells, and oligodendrocytes were obtained from primary cortical glial cultures established from P0 rats, as previously described (Behar et al., 1988) . The oligodendroglial progenitor cell line OLI-neu (Jung et al., 1995) was kindly provided by Dr. J. Trotter (Neurobiology, Heidelberg University, Germany). Growth factors were from Immunocytochemicals (Ismaning, Germany) (N T-4, GDN F, both human recombinant) and Boehringer Mannheim (NGF, 2.5 S).
In vivo studies. Adult female Wistar rats (240 -260 gm) were anesthetized using ketamine (75 mg / kg, i.p.) and xylazinum (15 mg / kg, i.p.) and placed in a Kopf stereotaxic frame. GDF-15/ M IC -1 was used at a final concentration of 2 g/l in 10 mM PBS, pH 7.4. Ten rats received injections of 20 g of GDF-15/ M IC -1 just above the left substantia nigra (SN) plus 20 g GDF-15/ M IC -1 into the left lateral ventricle (LV), whereas five additional rats received injections of 5 g of GDF-15/ M IC -1 into each of the same sites. This was followed immediately by an injection of 6-hydroxydopamine (6-OH DA) hydrobromide (8 g as the free base in 4 l of 0.9% saline with 0.1% ascorbic acid) into the left medial forebrain bundle (M FB) of each rat. Ten f urther rats received sham injections of 10 mM PBS into the SN and LV, in addition to a 6-OH DA injection ("6-OH DA only" group). Stereotaxic coordinates (Pellegrino et al., 1979) were as follows: anteroposterior (AP) Ϫ3.0, LV ϩ2.5, dorsoventral (DV) Ϫ8.5 for the SN; AP ϩ1.0, LV ϩ1.2, DV Ϫ3.5 for the LV; AP Ϫ2.2, LV ϩ1.5, DV Ϫ7.9 for the MFB.
All rats were tested behaviorally at 1 week after surgery, and the 1 month group of rats was tested again after a f urther 1 and 2 weeks. Ipsilateral rotations were counted over a 60 min period beginning 5 min after (ϩ)-amphetamine sulfate administration (5 mg / kg, i.p.).
At 10 d after surgery, five rats of the 6-OH DA only group, five rats that had received a total dose of 40 g of GDF-15/ M IC -1, and five rats that had received a total dose of 10 g of GDF-15/ M IC -1 were killed. They were terminally anesthetized with chloroform /ether and perf used intracardially with 200 ml of cold 0.1 M PBS, pH 7.4, containing 500 U of heparin, followed by 300 ml of freshly prepared 4% paraformaldehyde in PBS. The remaining five rats of the 40 g group and five of the 6-OH DA only group were killed at 1 month after surgery. Five unlesioned control rats were also killed at this time. Brains were removed and placed in 4% paraformaldehyde in 10 mM PBS overnight, cryoprotected in 30% sucrose in PBS, and then frozen. Serial 30 m coronal cryosections through the SN pars compacta (SNpc) were cut and stained immunocytochemically for TH. Sections were incubated in blocking solution (3% normal goat serum, 0.2% Triton X-100 in PBS) overnight at 4°C, then in a 1:200 solution of mouse antibody to TH (Boehringer Mannheim) in blocking solution overnight at 4°C. Sections were washed five times in PBS containing 0.02% Triton X-100, then incubated in a solution of 1:1000 horseradish peroxidaselinked anti-rabbit IgG (Vector Laboratories, Peterborough, UK) overnight at 4°C. After washing as before, TH immunostaining was visualized using 3,3Ј-diaminobenzidine as the chromogen. Sections were mounted onto gelatinized slides, dehydrated in alcohol, cleared in xylene, and mounted in DePeX.
Unbiased stereological analysis of TH-immunopositive neurons in the left and right SN of each brain was performed using a drawing tube attachment on an Olympus BX40 light microscope. The volume of each SN was estimated using the C avalieri method, which was applied to six cryosections per brain (with an intersection distance of 200 m). The number of TH-immunopositive neurons per unit volume was estimated using the Disector method, on three Disector pairs per brain (pilot studies suggested that three pairs were sufficient for such an estimate). These estimates were used to calculate the absolute numbers of THimmunopositive neurons per left or right SN. ANOVA analysis with post hoc T ukey's test was used to compare the numbers of surviving THimmunopositive neurons in the SN of each treatment group.
Statistics. Data obtained in cell culture experiments were analyzed by a one-way ANOVA, and the significance of intergroup differences was determined by applying Student's t test. Differences were considered significant at *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
RESULTS

Cloning, expression, and distribution of GDF-15/MIC-1 in the nervous system
Members of the TGF-␤ superfamily share a distinct spacing of seven conserved cysteine residues within the mature C-terminal portion that form a characteristic cysteine knot motif (McDonald and Hendrickson, 1993) . Using this motif for screening expressed sequence tag (EST) databases resulted in the identification of several identical truncated sequences with the characteristic TGF-␤ structure. RT-PCR combined with cDNA library screening revealed the full-length human, mouse, and rat sequences of a novel member of the TGF-␤ superfamily (Böttner et al., 1998 (Böttner et al., , 1999 . We used a His-Tag fusion construct and a baculovirus system for expressing the mature portion of recombinant human GDF-15/ MIC-1 protein in Sf9 cells (Fig. 1 A-C) and raised antibodies against a C-terminal synthetic peptide. To demonstrate the specificity of the antibodies, immunoblot analyses with other TGF-␤ superfamily members were performed. The GDF-15/MIC-1 antibodies revealed no cross-reactivity with members of the TGF-␤, BMP, or GDNF subfamilies (data not shown). Western blots under reducing conditions showed that recombinant GDF-15/MIC-1 migrates at ϳ16 kDa (Fig. 1 A) , i.e., close to the size of the mature peptide of 12.5 kDa (Bootcov et al., 1997) . The difference in the observed bands is probably because of the presence of the His-Tag in the recombinant protein. Under nonreducing conditions, the expression product migrates as a disulfide-linked dimer (Fig. 1C) . We used these antibodies, RT-PCR, and in situ hybridization to reveal regions of expression of GDF-15/MIC-1 in the developing and adult brain, in isolated neural cells and peripheral neural tissues (Fig. 2) . GDF-15/MIC-1 mRNA and protein can be detected in many brain areas, including cortex, hippocampus, striatum, pons, and medulla oblongata (Fig. 2C,D) . In situ hybridization revealed the choroid plexus as a prominent site of synthesis in the CNS (Fig. 2 B) . Consistent with this localization of GDF-15/ MIC-1 mRNA the protein can be detected by immunocytochemistry in the plexus epithelium (data not shown) and by Western blot in the CSF (Fig. 2 A) . Expression levels of GDF-15/MIC-1 mRNA and protein in brain areas other than the choroid plexus were too low to be detected by in situ hybridization and immunocytochemistry, respectively. However, cortical lesions can raise GDF-15/ MIC-1 mRNA in select neuron populations to levels sufficient for visualization by in situ hybridization (M. Böttner, unpublished observations). GDF-15/MIC-1 expression is not restricted to the CNS, as shown by the presence of mRNA and protein in DRG (Fig. 2C,D) . RT-PCR and Western blot studies using isolated neural cells revealed the presence of GDF-15/MIC-1 in highly enriched cultured astrocytes, but not in purified O-2A oligodendroglial progenitor cells and an oligodendroglial cell line, OLI-neu (Fig. 2C,D) . Together, these data suggest that GDF-15/MIC-1 is widely distributed in the CNS and in the CSF.
GDF-15/MIC-1 promotes survival of cultured and ironintoxicated midbrain dopaminergic neurons
We next assayed the recombinant purified protein from Sf 9 cells on a variety of cultured CNS and PNS neurons for biological activity and putative neurotrophic effects. As shown in Figure  3A -C, GDF-15/MIC-1 is a potent trophic factor for DAergic neurons cultured from the E14 rat midbrain floor. The factor increases DAergic neuron survival at an optimal concentration (estimated 1 ng/ml), twofold above control levels (Fig. 4 A) . Thus, GDF-15/MIC-1 is at least as potent as the best-established dopaminotrophic factor GDNF (Figs. 3A-C, 4 A) . Figure 3D -F documents that GDF-15/MIC-1 did not increase the number of cells immunoreactive for the astroglial intermediate filament protein GFAP. Moreover, GDF-15/MIC-1 did not increase numbers of BrdUincorporating cells (data not shown). This suggests that GDF-15/ MIC-1 probably acts directly on neurons and not through a numerical expansion of cells or stimulation of astroglial cell maturation.
Toxins and free radical formation have been implicated in the generation of cell losses in Parkinson's disease (Gerlach and Riederer, 1996) . We therefore investigated whether GDF-15/MIC-1 was able to protect iron-intoxicated cultured midbrain DAergic neurons from cell death. Figure 4 B documents that GDF-15/ MIC-1 (10 ng/ml) significantly protects DAergic neurons against iron intoxication matching the effect of NT-4 (10 ng/ml), an established neuroprotective factor for lesioned DAergic neurons (Lingor et al., 1999) . Together, these data indicate that GDF-15/MIC-1 is both a trophic and neuroprotective factor for midbrain DAergic neurons in vitro. 
GDF-15/MIC-1 promotes the serotonergic phenotype of raphe neurons, but does not affect spinal motoneurons
We also assayed GDF-15/MIC-1 on several other CNS and peripheral neuron populations. Figure 4C shows that GDF-15/MIC-1 augmented numbers of neurons immunoreactive for the 5-HTsynthesizing enzyme TpOH and cells taking up the serotonin analog 5,7-dihydroxytryptamine (5,7-DHT) in cultures established from the E14 rat raphe. GDF-15/MIC-1 did not promote the survival of purified rat spinal cord motoneurons in vitro (data not shown), but had a small, yet significant promoting effect on chick DRG neurons (Fig. 4 D) .
GDF-15/MIC-1 protects 6-hydroxydopamine-lesioned nigrostriatal neurons in vivo
The neuroprotective effects of GDF-15/MIC-1 were examined in vivo in adult rats that had received unilateral 6-OHDA-induced lesions of the nigrostriatal pathway. GDF-15/MIC-1 was administered just above the SN and into the LV, a protocol described previously for measuring the effects of GDF-5 and GDNF in this rat model (Sullivan et al., 1997 (Sullivan et al., , 1998 .
A total dose of 40 g of GDF-15/MIC-1 completely prevented 6-OHDA-induced rotational asymmetry, indicating that it protected against 6-OHDA-induced depletion of striatal dopamine levels (Table 1 ). This protective effect on rotational behavior was observed for up to 3 weeks after the lesion. A total dose of 10 g of GDF-15/MIC-1 also induced significant protection ( p Ͼ 0.0001) against amphetamine-induced rotations at 1 week after the lesion.
GDF-15/MIC-1 also exhibited potent protective effects on dopaminergic neurons in the SNpc (Table 1, Fig. 5) . Both of the 6-OHDA only groups exhibited a large loss of TH-immunopositive neurons in the left SNpc (neurons on left expressed as a percentage of those on right: 6.1 Ϯ 2.0% at 10 d and 5.8 Ϯ 1.3% at 1 month). Both doses of GDF-15/MIC-1 significantly ( p Ͻ 0.001 for 10 g; p Ͻ 0.0001 for 40 g) prevented this 6-OHDA-induced loss of dopaminergic neurons in the left SNpc (survival of 51.1 Ϯ 4.0% after 10 g; 67.7 Ϯ 3.6% after 40 g). Furthermore, this significant sparing of TH-positive neurons was still evident after 1 month in rats treated with 40 g of GDF-15/MIC-1 (62.0 Ϯ 3.4%; p Ͻ 0.001). The sparing induced by 40 g of GDF-15/MIC-1 after 1 month was not significantly different from that seen after 1 week, showing that the protein induced long-term neuroprotective effects.
DISCUSSION
The present data reveal the neurotrophic and neuroprotective potential of a new member of the TGF-␤ superfamily in vitro and in vivo. TGF-␤s share a primary structure with six C-terminal cysteines in topologically equivalent positions that form a cysteine knot motif. This structural information was used in an EST database search and resulted in the identification and cloning of the full-length coding sequence of GDF-15 (Böttner et al., 1998 (Böttner et al., , 1999 . GDF-15 is identical to MIC-1 (Bootcov et al., 1997) , which was discovered independently, based on its capacity to inhibit lipopolysaccharide-induced macrophage activation. Amino acid identity with other members of the TGF-␤ superfamily is 32% and less (Böttner et al., 1999) . GDF-15/MIC-1 does not mimic TGF-␤ isoforms 1, 2, and 3 in an assay of mink lung epithelial cells (K. Krieglstein and J. Strelau, unpublished observations), suggesting that GDF-15/MIC-1 may not use the TGF-␤ type I and II receptors (Lin et al., 1992) .
As shown by RT-PCR and in situ hybridization, GDF-15/MIC-1 mRNA is widely distributed in peripheral organs of rat and mouse including the gastrointestinal and respiratory tracts, salivary, mammary, and prostate glands, placenta, kidney, and adrenal glands (Böttner et al., 1999) . In situ hybridization shows prominent ex- pression of GDF-15/MIC-1 mRNA in epithelial cells and macrophages, but not in mesenchyme-derived cells. The present study reveals GDF-15/MIC-1 synthesis in the choroid plexus and its secretion into CSF, from where a wide range of signaling proteins may reach target cells within the brain and spinal cord (Dixon et al., 1997) . Many other cytokines with neurotrophic functions, as e.g., fibroblast growth factors-1 and -2 (for review, see Bieger and Unsicker, 1996) , insulin-like growth factors I and II (for review, see Cohick and Clemmons, 1993) , and TGF-␤s (for review, see Böttner et al., 2000) show a similarly wide distribution in many peripheral tissues and in the brain, but are broader than GDF-15/MIC-1 with regard to the spectrum of neuron populations supported (see below). Not only endogenous, but also exogenously administered molecules, such as neurotrophic factors applied as therapeutic agents against several neurodegenerative diseases, can be distributed within the brain by intraventricular and intrathecal routes (Aebischer et al., 1996) . RT-PCR and Western blot analyses suggest that GDF-15/MIC-1 is also synthesized and stored in CNS tissues other than choroid plexus, as e.g., cortex, hippocampus, striatum, pons, and medulla oblongata. However, mRNA and protein levels in these locations are apparently too low to be visualized by in situ hybridization and immunocytochemistry. Western blots of brain homogenates and lysates of cultured cells reveal one immunoreactive band migrating at ϳ30 kDa. This corresponds to the calculated size of the pro-protein. Because the antibodies used also recognize the mature form of GDF-15/MIC-1, as demonstrated with the recombinant (Fig. 1 A; calculated MW ϳ14.5 kDa) and CSF-derived protein (Fig. 2 A; ϳ12.5), we assume that levels of mature GDF-15/MIC-1 in tissue and cell lysates may be below detection limit. This assumption is supported by the previous demonstration that intracellular MIC-1 exists predominantly in its pro-form (Bootcov et al., 1997) .
Synthesis of GDF-15/MIC-1 by choroid plexus epithelial cells is reminiscent of TGF-␤1, which is also strongly expressed in the choroid plexus, but hardly detectable in brain parenchyma (Flanders et al., 1989) . Like GDF-15/MIC-1, TGF-␤1 is secreted into the CSF (Huang et al., 1997) and acts as a trophic factor on several classes of CNS neurons (Krieglstein et al., 1995a) .
The capacity of GDF-15/MIC-1 to promote survival and phenotypical development of mesencephalic DAergic and raphe serotonergic neurons denotes the first known functions of this molecule in the nervous system. The neurotrophic effects were seen on both unlesioned and toxically impaired DAergic neurons both in vitro and in vivo. A growing body of evidence suggests that increased formation of toxic radicals as well as decreased radical scavenger activities (Ruberg et al., 1997) may play major roles in neuronal death. Iron catalyzes, by means of the fenton reaction, the production of the HO radical from hydrogen peroxide (H 2 O 2 ). Elevated levels of iron have been found in postmortem sections of patients with Parkinson's disease (Hirsch et al., 1991; Sofic et al., 1991) . Our data indicate that GDF-15/MIC-1 can protect against ironmediated cytotoxicity as efficiently as neurotrophin-4. This, together with the observation that GDF-15/MIC-1 is at least as potent as GDNF in promoting the survival of DAergic neurons makes this molecule attractive for assessing its potency in the treatment of human Parkinson's disease. The significance of GDF-15/MIC-1 for promoting survival of midbrain DAergic neurons is further underscored by the fact that its neurotrophic effects are not mediated by astroglial cells. Both control and treated cultures contained Ͻ0.2% GFAP-positive cells (Hyman et al., 1991) , and their numbers did not increase in response to GDF-15/MIC-1. In contrast, the dopaminotrophic effects of several growth factors including BMPs, FGF-2, EGF, TGF-␣, IGF-I, and IGF-II (Casper et al., 1991; Engele and Bohn, 1991; Alexi and Hefti, 1993; Jordan et al., 1997) are accompanied by a massive increase in cell number. Their effects are abolished by inhibition of cell proliferation and astroglial maturation arguing against a therapeutic potential of these factors. Most importantly, GDF-15/MIC-1 effectively protects the adult rat nigrostriatal pathway against a complete lesion induced by 6-OHDA. GDF-15/MIC-1 preserved both striatal nerve terminals, as shown by the absence of amphetamine-induced rotational behavior, and dopaminergic cell bodies in the SNpc, as seen in the immunocytochemical study. It is promising that the neuroprotective effects of GDF-15/MIC-1 are still evident after 1 month. The neuroprotective effects of GDF-15/MIC-1 compare well with those previously observed with GDNF and GDF-5 in this rat model of Parkinson's disease (Sullivan et al., 1997 (Sullivan et al., , 1998 . In the present study, a dose of 40 g of GDF-15/MIC-1 induced sparing of 67.7% of dopaminergic neurons after 10 d and of 62.0% after 1 month. Following the same administration protocol as that used in the present study, a total dose of 75 g of GDNF induced 77.5% survival of dopaminergic neurons, whereas 50 g of GDF-5 spared 65.0%. Because the failure of the recent clinical trial of GDNF in a Parkinsonian patient (Kordower et al., 1999) , the search for effective dopaminergic neurotrophic factors remains. The present data suggest that GDF-15/MIC-1 may have the potential to be of therapeutic benefit in Parkinson's disease.
With regard to the spectrum of responsive neuron populations, the present data suggest that GDF-15/MIC-1 may preferentially address DAergic and serotonergic neurons, making it an interesting factor for potential applications in the treatment of Parkinson's disease and disorders of the serotonergic system. In terms of biological responses GDF-15/MIC-1 is distinct from GDNF, which addresses a wider spectrum of CNS and PNS neurons . With TGF-␤1/2/3, GDF-15/MIC-1 shares CNS aminergic neurons as targets (Krieglstein et al., 1994 (Krieglstein et al., , 1995a Galter and Unsicker, 1999) , but is distinct in that it does not address spinal cord motoneurons (Goudin et al., 1996; Krieglstein et al., 1998a) .
In conclusion, the present data indicate that GDF-15/MIC-1, a novel member of the TGF-␤ superfamily, is a potent neurotrophic factor for developing and lesioned aminergic neurons in vitro and in vivo, with a potency matching that of GDNF.
